SUMMARY This report describes the waveform and properties of somatosensory evoked potentials recorded from various levels of the human spinal cord, with electrodes inserted into the epidural space and the stimulus delivered to the posterior tibial nerve at the knee. 
are in accord with recent studies, suggesting that the fast activity may be conducted in the dorsal spinocerebellar tract and the slower waves in the posterior columns.
Somatosensory evoked potentials (SEPs) were first recorded from the human spinal cord by Magladery et al,1 using needle electrodes inserted into the lumbar theca. Ertekin2 employed a similar technique at lumbar and low cervical level, and was able to record a conducted "tractus" potential at the latter site in response to stimulation of the posterior tibial nerve. Others (for example, Shimoji and coworkers3 4) have recorded mainly segmental responses with a flexible lead inserted into the epidural space. Segmenital and conducted responses to lower limb stimulation have also been recorded from the surface of the skin.5-7 but ttie coniducted "travelling" wave5 7 is insufficiently reliable to be used as a clinical or research tool, at least in adult subjects.
Following the surgical treatment of spinal deformities by application of traction using a Harrington rod there is a small but significant incidence of neurological complications, including paraplegia. This has led a number of centres to develop techniques for monitoring the condition of the spinal cord during operation, by recording cortical8 or spinal9 10 SEPs. In pilot studies we have found the potentials recorded from within the epidural space to be more stable and reliable than either spinal cord potentials recorded from the vertebral bone"1 or cortical evoked potentials recorded from the scalp,8 and this paper presents the essentially normal findings obtained prior to spinal distraction from patients without evidence of neurological lesions. The development of the technique and the changes that sometimes occur following the application of traction are to be described elsewhere (Edgar et al, in preparation).
Methods
All recordings were made in the operating theatres of the Royal National Orthopaedic Hospital, Stanmore, during treatment of scoliosis by posterior fusion and application of traction using a Harrington rod. The results described below were obtained from 67 cases (13 male, 54 female, mean age 15 years, range 11-27), all presenting with adolescent idiopathic scoliosis and all without evidence of neurological involvement. The patients received standard surgical anaesthesia and were ventilated following administration of curare and halothane. Blood pressure was maintained at less than 80 mmHg using Trimetaphan.
The stimulus was a square wave impulse of duration 0-2 ms applied to the posterior tibial nerve at either knee by means of skin-surface electrodes. The intensity was adjusted so as to produce a direct motor response (plantar flexion of the foot) and was generally less than 100 V. The stimulus frequency was usually 10 or 20 impulses/s. An earthing electrode (ECG plate) was secured to one leg on the proximal side of the stimulus. The active recording electrode was a blunted length of stainless steel needle, 3mm long and 0 9mm in diameter, attached to the end of a flexible lead insulated with PTFE to the same external diameter. After exposure of the upper thoracic vertebrae this was introduced into the dorsal epidural space by means of a 16-gauge catheter (Abbocath-T) and advanced cephalad by 1-3 cm. The reference electrode was a stainless steel needle inserted into the muscle alongside the epidural Sensory nerve conduction in the human spinal cord: epidural recordings made during scoliosis surgery 447 recording site. Recordings were also obtained from lower thoracic and lumbar levels in 11 cases, and in four cases the stimulus was additionally delivered to the posterior tibial nerve at the ankle.
The evoked potentials were routinely amplified over a fairly narrow bandwidth (200 Hz-2 kHz), averaged and recorded on photographic or heat-sensitive paper. The majority of early recordings were obtained using a Medelec MS6 EMG machine in which the averager module was an analogue device containing 100 memory addresses. These were distributed over 10 or 20 ms of the input sweep, starting 8-14 ms after the stimulus. Later a few recordings were obtained using a more modern MS6 with 1024 memory addresses and a digital data store. Most recent recordings were obtained with a Medelec MS91, containing 1000 memory addresses, a data store and a "normalised" display in which the amplification factor was independent of the number of sweeps accumulated.
Results
Recordings were obtained at T3 level or above in response to stimulation of 125 limbs in 65 patients (two patients were monitored at mid-thoracic level). No evoked activity was seen during the first 10 or 15 ms, but after this there occurred a sequence of positive and negative deflections with a duration of approxinmately 6 ms (fig 1) . The waveform could usually be resolved into at least three components, the first being a triphasic (positive/negative/positive) wave resembling a conventional nerve action potential, the second a fairly sharp negativity and the third a broader negative wave. The mean latencies of the three negative peaks across all subjects were 15-2, 17-0 and 19-2 ms (see table 1), correlated with the patients' age and body height. The amplitude of the response, measured from the deepest trough to the highest peak (usually the second positive deflection to the second negativity) was between 1 and 6 ,uV, with a mean of 2-6 ,uV. Provided the position of the electrode was undisturbed the waveform generally remained fairly constant within the individual, although a slight latency increase was noticed throughout the operation. The potentials recorded in response to stimulation of the left and right legs usually differed by less than 0-5 ms in latency and 30% in amplitude, but differences as great as Ims and 60% were occasionally observed (fig 1) . On the surface of the skin only a single "travelling wave" component has been reported5 7 with a conduction velocity of 60-70 m/s. This may represent the envelope of the faster and slower potentials recorded epidurally, but it is surprising that the conduction velocities were similar whether the stimulus was delivered to the knee5 or to the ankle.7
In our experience the fastest spinal cord potentials recorded epidurally were evoked by low intensity stimulation of the posterior tibial nerve at the knee, but not by any intensity of stimulation at the ankle. This suggests that the peripheral afferent fibres concerned are likely to be those of Groups la and lb, which derive mainly from muscle spindles and tendon organs and hence are likely to be much more numerous at the level of the knee than at the ankle. Some of these fibres may pass directly into the posterior columns, but the majority are likely to synapse in the dorsal horns, on cells which give rise to the dorsal spinocerebellar tract. This contains large diameter axons which respond to discrete muscle contraction as well as to stimulation of touch and pressure receptors. '3 The potentials recorded in the upper thoracic region following peripheral nerve stimulation were of very low amplitude compared with epidurallyrecorded responses to direct electrical stimulation of the spinal cord.9 10 They were, however, stable in terms of amplitude, latency and waveform, and easy enough to record (with the aid of modern signal averaging devices) to permit their use as a research tool and as a routine means of monitoring spinal cord integrity during potentially injurious surgery. Some advantages of peripheral nerve over spinal cord stimulation techniques may be innumerated as follows: (1) the safety factor of having only one electrode in close proximity to the spinal cord; (2) convenience for the surgeon, with only one electrode pair to manipulate; (3) a more "natural" afferent volley, and (4) the likelihood of fewer problems with directly conducted stimulus artifacts. Against this must be set the lower recorded amplitudes and the possibility (seldom encountered in our experience) of deteriorating contact between the stimulating electrode and the peripheral nerve.
